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Abstract. Highly resistant pathogens may be developed in patients with immune disorders
after prolonged exposure to antibiotics, a growing threat worldwide. In order to overcome
these problems, this study introduces a new class of engineered nanosystems comprising of
tea tree oil nanoemulsion (TTO NE) loaded with Ag nanoparticles (NPs). Silver shows a
strong toxicity towards a wide range of microorganisms. Also, TTO NE could be employed as
a promising and safe antimicrobial agent for local therapies of bacterial infections. The
nanosystem was prepared by low-energy method. Mean droplet size of the NE was found to
be 17.7 nm. Results of the antibacterial assays showed promising ability of the designed
nanosystem for eradication of Gram-positive and Gram-negative bacteria (95%). Also, it was
shown that introducing colloidal Ag NPs to the TTO NE exerted a synergistic effect against
Escherichia coli (FIC 0.48) while only an additive effect was observed against Staphylococcus
aureus (FIC 0.75). The antibacterial effects of TTO NE+Ag NPs together with their
compatibility with human cells can present them as a suitable candidate to ﬁght against the
antibacterial resistance threat.
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INTRODUCTION
Microbial infections are exceptions in our body harmonics
which cause major health problems throughout the world (1).
Although antibiotics has been successfully employed as
Bmiraculous drugs^ to treat lethal infectious diseases for a long
time, inappropriate and disproportionate use of them has resulted
in a rapid rise in the incidence of drug-resistantmicroorganisms (2).
Followed by antibiotic resistance, new bacterial strains appear
which are simultaneously resistant against numerous antibiotics (3).
So, developing an effective and biocompatible antimicrobial agent
with no orminimummicrobial resistance is a vital issue in this ﬁeld.
During past years, application of nanomaterials in
different aspects of medical sciences has increased. One of
which is employing nanoparticles as an efﬁcient alternative
antibiotic agent. Silver nanoparticles (Ag NPs) are a common
type of antimicrobial agents that show a strong cytotoxicity
against a wide range of microorganisms. Antimicrobial
activity of Ag NPs is related to generation of free radicals
(4). Additionally, Ag NPs bind to DNA (5) and block
transcription or attach to cell surface components and
interrupt bacterial respiration/adenosine triphosphate (ATP)
synthesis (6). Cationic silver also binds to negatively charged
components of proteins and nucleic acids (7), thereby causing
structural changes and deformations in bacterial cell walls,
membranes (8), and nucleic acids (9). Furthermore, silver
ions are generally well known to interact with a number of
electron donor functional groups such as thiols, phosphates,
hydroxyls, imidazoles, indoles, and amines (10).
Among other nanostructures, nanoemulsions offer sub-
stantial advantages including ability to be ﬁltered, relatively
low viscosity, and improvement of biological and physico-
chemical properties as well as ease of production and scale-
up. Tea tree oil nanoemulsions (TTO NEs) may be employed
as promising antimicrobial agents for treatment of bacterial
and fungal pneumonia and acne (11). TTO, which is obtained
by steam distillation of Melaleuca alternifolia leaves, is a
natural essential oil with strong antimicrobial efﬁcacy and
little drug resistance (12). Antibacterial activity of TTO NE
includes inﬂuencing potassium homeostasis (13), glucose-
dependent respiration (14), and whole cell lysis and tran-
scriptional alteration (15).
In a previous report, concurrent use of free-silver ion and
bulk TTO has shown proper antimicrobial activity against
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Pseudomonas aeruginosa, Staphylococcus aureus, and Can-
dida albicans (16). A similar ﬁnding was also reported by use
of liposome-loaded silver ion and bulk TTO (17). Considering
the fact that a combination of TTO NE with Ag NPs may play
an important role in control of resistant bacteria, in the
present study, we focused on producing a TTO NE containing
Ag NPs in its aqueous phase. Subsequent to cytotoxic
investigations, antibacterial activity of the nanosystem was
determined against clindamycin-resistant Escherichia coli
(ATCC25922) and S. aureus (ATCC25923). Synergistic anti-
bacterial effect of TTO NE and Ag NPs was also evaluated.
MATERIALS AND METHODS
Materials
Tea tree oil, Tween 80, Span 80, ethanol, silver nitrate
(purity > 99%), sodium citrate, and sodium borohydride were
purchased from Sigma-Aldrich (USA).
Microorganism
Resistant bacterial strains E. coli (ATCC25922) and
S. aureus (ATCC25923) were supplied from the Antimicrobial
Resistance ResearchCenter (Rasoul-e-Akram hospital, Tehran,
Iran), then were cultured in Nutrient Broth and kept at 37°C
overnight to prepare 0.5 McFarland standard suspension (18).
Preparation of Ag NPs
Ag NPs were prepared using sodium borohydride as
reducing agent and sodium citrate as stabilizer. Brieﬂy, Ag
NPs were synthesized by adding 0.5 ml AgNO3 0.01 M into
20 ml stirring solution of sodium citrate 1 mM. After 10 min,
0.5 ml sodium borohidrate 0.01 mM was added to this
solution and the obtained mixture was stirred for 10 min.
NPs were synthesized at room temperature (19).
Preparation of Ag NP-Loaded TTO NE (TTO NE+Ag NPs)
A mixture of Tween 80 and Span 80 (72:28) was selected
as a surfactant. In order to prepare a clear nanoemulsion,
aqueous phase was prepared by dissolving the surfactant
mixture and ethanol in water under magnetic stirring. Then,
the aqueous phase was mixed with the oil using a low-shear
mixer for 15 min to obtain a transparent emulsion. Subse-
quently, Ag NPs were added to the system to obtain a TTO
NE containing Ag NPs as shown schematically in Fig. 1(a).
Characterization of Prepared Nanoemulsion
UV-Vis Absorption Spectroscopy
UV-Vis absorption spectra of samples were carried out
by a Cary100 Conc (Varian, Australia) with an optical
resolution of 0.01-nm full width at half maximum (FWHM).
Spectrum responses were recorded from 200 to 800 nm with
1-nm steps in a 4 × 1 × 1 cm path quartz cuvette.
Transmission Electron Microscopy
Size and morphology of the prepared nanoemulsion
were evaluated by transmission electron microscopy (TEM).
Samples were prepared by dropping the 1 mM concentration
nanoemulsion onto the lacey carbon ﬁlm of a 200-mesh Cu
grid, after solvent evaporation at ambient temperature.
Dynamic Light Scattering and Zeta Potential Analysis
Particle size, distribution, and zeta potential of TTO NE
were determined using dynamic light scattering (DLS)
(Brookhaven Instruments, USA). Nanoemulsions were di-
luted (1:10) with water prior to the experiment.
Fig. 1. Schematic illustration of preparation procedure of TTO NE+Ag NPs (a), TEM micrograph and size distribution of TTO NE and Ag NPs
as inset (b, c). UV-Vis spectroscopy of TTO NE+Ag NPs and Ag NPs, as well as TTO (d). Optical images of Ag NPs and TTO NE+Ag NPs (e)
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Toxicity Assessment on Human Cells
Cell Culture
Human lung ﬁbroblast cells line (MRC-5) were assessed
in vitro. Cells were purchased from National Cell Bank of
Pasteur Institute (Iran) and cultured at a density of 1 × 104
cells per well (96-well plate) and cultivated in growth medium
of Dulbecco’s Modiﬁed Eagle Medium (DMEM F12, Gibco
Invitrogen, UK) and RPMI 1640 (Merck, Germany). They
were supplemented with 10% fetal bovine serum (Sigma,
USA) and 1% penicillin-streptomycin-glutamine (Gibco
Invitrogen, UK). Cells were stored in a humidiﬁed incubator
at 37°C and 5% CO2 atmosphere.
Cell Treatments
Six samples as detailed in Table I were added to the cell
media after 24 h of culture and incubated overnight. Samples
studied included Ag NPs, TTO NE, TTO NE containing Ag
NPs (TTO NE+Ag NPs), TTO emulsion, micellar solution
(i.e., all the NE ingredients except TTO), bulk TTO, and PBS
as control negative. Treated cells were subsequently assessed
to analyze the toxicity effects of the samples.
MTT Assay
Apoptosis induction of the samples was determined by
MTT assay where 20 μl of MTT (5 mg/ml, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma, Ger-
many) was added to each well and incubated for 4 h at
37°C. The color absorbance at 590 nm was then quantiﬁed
using an ELISA Reader (Biotek, ELX808) and presented as
percentage of controls.
Antibacterial Efficiency Studies
Disc Diffusion Test
Blank discs were bought from Patan Teb (Iran) and
impregnated with samples. Discs were then applied to Muller
agar growth medium after culturing S. aureus and E. coli.
Then, zone diameters were measured after a 24-h incubation.
Antimicrobial tests were conducted under sterile condition.
Bacterial Viability Assay
In order to evaluate the viability of resistant S. aureus
and E. coli bacteria after a 24-h treatment with samples listed
in Table I, LIVE/DEAD® BacLight Bacterial Viability Kit
(Invitrogen, USA) was employed. The kit consists of two
dyes, SYTO®9 and propidium iodide, that penetrate bacterial
cells and show bacterial cell viability as a function of
membrane integrity. SYTO®9, a green ﬂuorescent at
530 nm upon excitation at 488 nm, is capable of passing the
intact membrane of both viable and dead bacterial cells.
Propidium iodide (PI, red ﬂuorescence at 620 nm upon
excitation at 488 nm), a nucleic acid stain, enters compro-
mised membranes of bacterial cells that are either dead or
dying. The intensity of ﬂuorescence was measured using a 96-
well ﬂuorescence microplate reader for each sample.
Minimum Inhibitory Concentration
Minimum inhibitory concentration (MIC) of the samples
was determined by the twofold microdilution method with
sterile ﬂat-bottom 96-well polystyrene plates. The test sam-
ples were serially diluted twofold with nutrient soup. The
culture-inoculated plates were incubated at 37°C for 48 h, and
the growth was recorded spectrophotometrically at 600 nm.
The MIC values were evaluated as speciﬁc concentrations
where a noticeable reduction in color formation due to
bacterial growth inhibition was noted. All experiments were
carried out in triplicates (20).
Assessment of Synergistic Effects
Synergistic effects of Ag NPs in combination with TTO
NE were assessed using the microdilution technique. The
fractional inhibitory concentration was calculated for two
antimicrobial agents as
FIC AgNPsð Þ ¼ MIC TTONEþAgNPsð Þ
MIC AgNPsð Þ
FIC TTONEð Þ ¼ MIC TTONEþAgNPsð Þ
MIC TTONEð Þ
∑FIC ¼ FIC AgNPsð Þ þ FIC TTOnanoemulsionð Þ
where ∑FIC≤ 0.5 is a sign of synergism, > 0.5–1 of addition,
> 1 of indifference, and ≥ 2 of antagonism (21).
Statistical Analysis
All experiments were performed in triplicate. The cell
viability assessment was analyzed by SPSS 19.0 statistical
Table I. Details of Samples Studied for Cytotoxicity and Antibacterial Assays
Formulation TTO (%) Surfactant (Tween 80:
Span 80) (72:28) (%)
Co-surfactant
(ethanol) (%)
Water (%) Ag NPs
(25 ppm) (%)
Ag nanoparticles – – – – 100
TTO NE+Ag NPs 5 19 19 – 57
TTO NE 5 19 19 57 –
TTO emulsion 5 5 5 85 –
Bulk TTO 100 – – – –
Micelle – 19 19 62 –
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package (SPSS Inc., USA) and in case of normally distributed
data, a two-tailed Student’s t test was performed. P values of
less than 0.001, 0.001 to 0.01, and 0.01 to 0.05 were considered
as signiﬁcant.
RESULTS AND DISCUSSION
Morphological Analyses and Size Distribution of TTO
NE+Ag NPs
Figure 1(a) schematically represents the major steps
involved in producing TTO NE+Ag NPs. Obtained nanopar-
ticles were evaluated for morphology, size, and size distribu-
tions with TEM and UV-Vis absorption spectroscopy as well
as DLS. TEM results demonstrate an average size of 17.5 and
4.5 nm with spherical morphologies for TTO NE and Ag NPs,
respectively (Fig. 1(b, c)). UV-Vis absorption spectra in the
region of 200–800 nm displayed an absorption peak at 390 nm
for Ag NPs and a 400-nm shifted peak for TTO NE+Ag NPs.
This is attributed to the distinctive surface plasmon resonance
peak of silver nanoparticles (Fig. 1(d)) (22,23). Peak dis-
placement in UV-Vis spectra of Ag-loaded TTO NE was due
to environmental changes (24), even though TTO NE does
not have any important absorption in this region.
Droplet size distribution, polydispersity index (PDI), and
zeta potential are very important parameters when it comes
to characterization of nanoemulsion formulations. PDI is
related to the uniformity of droplets within the nanoemulsion
system and zeta potential is concerned with the stability of the
systems. Results of DLS measurement showed a mean size
and PDI of 17.5 and 0.162 nm for TTO NE and 17.7 and
0.221 nm for TTO NE+Ag NPs. Apparently, the presence of
the small Ag NPs increases PDI of TTO NE+Ag NPs in
comparison with TTO NE. The small obtained PDI values
indicate uniformity in the nanoemulsion, which is well
consistent with the TEM micrograph. Also, zeta potential
measurement demonstrated that loading Ag NPs in TTO NE
causes zeta potential changes from − 17.75 ± 0.46 to − 29.24 ±
1.28 mV which possibly improves the stability of TTO NE.
Previous reports demonstrate that the magnitude of zeta
potential gives an indication of the potential electrostatic
stability of the NE (25).
Toxicity of TTO NE+Ag NPs in Human Cells
Along with antimicrobial properties, components of
TTO, which can penetrate the skin in topical delivery or
increase penetration of other components, may lead to
toxicity. In order to evaluate toxicity effects of the prepared
nanoemulsion on cells, human lung ﬁbroblast (MRC-5) was
treated with various components of NE as well as different
Ag concentrations of TTO NE+Ag NPs (Fig. 2). Figure 2a
shows the toxicity of the samples under study. In comparison
with phosphate buffer saline (PBS) as negative control, Ag
NPs as effective components of antibacterial nanoemulsion
showed signiﬁcant toxicity (25%) at 14 μg/ml concentration.
A previous research compared the toxicity of Ag NPs with
nanoparticles of molybdenum (MoO3; 30, 150 nm), aluminum
(Al; 30, 103 nm), iron oxide (Fe3O4; 30, 47 nm), and titanium
dioxide (TiO2; 40 nm). Results showed that mitochondrial
function decreased signiﬁcantly in cells exposed to Ag NPs at
20–50 μg/ml in comparison with the other NPs (26).
Furthermore, our results did not show any signiﬁcant toxicity
for TTO NE, TTO NE+Ag NPs, TTO emulsion (5 mg/ml),
and micelles (19 mg/ml surfactants [Tween 80 and Span 80
(72:28)] and ethanol) as illustrated in Fig. 2a. The highest
toxicity was recorded for bulk TTO (as pure oil) which
caused 75% cell death. Previous research introduced 12.5 nm
TTO NEs as promising local therapies of fungal and bacterial
pneumonia without any signiﬁcant human cell toxicity and
Fig. 2. Survival of MRC-5 after treatment with Ag NPs (14 μgr/ml), TTO NE, TTO NE+
14 μgr/ml Ag NPs, TTO emulsion, micelles (surfactants, ethanol, and water) and pure bulk
of TTO (a). Cell viability of MRC-5 cell line after incubation with different concentrations
of Ag NPs in TTO NE (b)
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in vivo adverse events (27). Another report showed that 5%
TTO can be safely applied to the skin without any skin
irritation (28).
Furthermore, toxicity of TTO NE+Ag NPs with different
concentrations of Ag NPs were evaluated on MRC-5 cells
(Fig. 2b). A concentration-dependent dampening of toxicity
was observed when concentration of Ag NPs decreased to
5 μg/ml. Previous researches demonstrated a concentration-
dependent toxicity of Ag NPs both in vitro and in vivo
(29,30). In total, the results do not show a considerable
cytotoxicity proﬁle when Ag NPs are loaded in TTO NE up
to 12 μg/ml. We demonstrate that TTO NE+Ag NPs did not
show any signiﬁcant toxicity on human cells.
Antimicrobial Activity
Nanoemulsions have been reported as innovative and
promising agents against antibacterial threat (31). Due to
differences between the bacteria’s cell wall and plasma
membrane, we evaluated lab strains of E. coli (Gram
negative) and S. aureus (Gram positive). LIVE/DEAD
assay, disc diffusion, and microdilution methods were
conducted on the standard and tetracycline-resistant
S. aureus and E. coli after 24 h of growth, in the presence
of samples under study as well as an antibacterial drug
(tetracycline) (Fig. 3).
Obtained results of LIVE/DEAD bacteria assay showed
that, in the presence of TTO NE+Ag NPs, the percentage of
dead resistant bacteria was signiﬁcantly higher (~ 85%) than
that in other samples. Remarkably, the TTO NE+Ag NPs
exhibited signiﬁcant differences in the percentage of dead
bacteria in comparison with the controls (i.e., PBS and
tetracycline) for both resistant bacteria types. TTO showed
also considerable antibacterial effects. However, its toxic
effect against human healthy cells limits its potential use as
an antibacterial agent, having mentioned that the concentra-
tion of TTO is 20 times more than that of TTO NE.
Also, bacterial disc diffusion assays were used to
determine the antimicrobial activity of the samples. The
diameters of inhibition zones around the discs are shown in
Fig. 3b. Results showed that antibacterial activities of Ag NPs
in the presence of TTO NE increased against the resistant
bacteria as well as standard strains. Interestingly, the antibac-
terial effects of TTO NE+Ag NPs on resistant strains were
similar to standard ones, whereas the antibacterial effects of
tetracycline against resistant bacteria were much less. Similar
to that above, TTO showed important antibacterial activity.
The antibacterial activity of silver, silver ions, and silver
compounds has been thoroughly investigated (32). A survey
of recent literature showed remarkable ﬁndings on the
bactericidal activity of silver nanoparticles (Ag NPs) against
E. coli and multidrug-resistant S. aureus (33). Another
research reported that the antibacterial activity of Ag NPs
against E. coli depends on the shape of the nanoparticles (34).
Furthermore, because of its antifungal, anti-inﬂamma-
tory, and antiviral activities as well as low toxicity proﬁles,
TTO is a promising source for new phytotherapeutic agents
for treatment of bacterial-resistant threat (35). Literature
descr ibes the remarkable performance of TTO
microemulsion, sunﬂower oil microemulsion (36), and euca-
lyptus oil NE (37) as antimicrobial agents. Also, TTO has
been reported as burn dressing (38), oral hygiene formulation
(39), fungicidal emulsion (40), and topical medicine for
treatment of viral lesions (41). Researches showed that the
antibacterial and antifungal properties of TTO components
are due to the physicochemical properties of the oil which is
comprised of hydrophilic compounds with sufﬁcient lipophi-
licity which allow the oil to partition preferentially into
biological membranes. This causes bilayer expansion, inhibi-
tion of respiration, loss of membrane integrity, and inhibition
of embedded membrane enzymes (42). Previous researches
showed membrane disruption and related leakage of potas-
sium ions from TTO-treated E. coli, S. aureus, and Candida
albicans (43). Carson et al. assessed the release of nucleic
Fig. 3. Percentage of dead bacteria treated by TTO NE+Ag NPs
(14 ppm Ag NPs), Ag NPs (14 ppm), and bulk TTO, as well as other
samples, in 24 h, against standard and resistant strains (R) of E. coli
and S. aureus. Error bars represent standard deviation for ten
independent experiments. Experiments with tetracycline were carried
out on bacteria for conﬁrmation of strong antibacterial effects of
prepared NE (a). Inhibition zone of growth bacteria in disc diffusion
test with different components of TTO NE+Ag NP (b) controls are
untreated samples in both ﬁgures
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acids from S. aureus after treatment with TTO and the results
showed extensive damage to the cell membranes (15).
Additionally, nanoemulsions have shown promising antimi-
crobial activities compared with corresponding emulsion
formulations (44,45). So, TTO nanoemulsion loaded with
Ag NPs may also be an effective antimicrobial agent specially
for topical applications (46).
In terms of mechanism of antibacterial effects of Ag
nanoparticles, two different mechanisms have been reported:
& Bactericidal effects of silver nanoparticles due to
release of Ag+ ions which disrupts membrane
structure of bacteria. It has been proven that Ag+
ions trigger mitochondrial-dependent cytotoxic path-
way in the human cells.
& Reactive oxygen species (ROS) are generated by
transfer of free electrons on the surface of metallic
nanoparticles to the environmental biomolecules.
ROS generation is the principal antibacterial pathway
at low concentration of silver nanoparticles (47),
while human cells could tolerate the excess amount
of oxidative stress due to their high antioxidant
capacity (48).
In order to optimize the amount of Ag NPs which is
harmful to human cells, the antibacterial effects of TTO
NE+Ag NPs and standard and tetracycline-resistant lab
strains of E. coli and S. aureus were treated with different
concentrations of Ag NPs in NEs (Fig. 4). TTO NE+Ag NPs
showed signiﬁcant antibacterial effect (i.e., 95% for standard
and 90% for tetracycline-resistant bacteria) at the highest
concentration applied (14 μg/ml). Decrease of Ag NP
concentration in TTO NE+Ag NPs to 8 ppm has not shown
any signiﬁcant effects on death of E. coli. However, the
amount of dead S. aureus bacteria was decreased to 65%
when the concentration of Ag NPs decreased to 8 ppm. So,
concentration of Ag NPs is an important factor against
S. aureus. Reports showed that the concentration of Ag NPs
plays effective roles in killing Gram-positive bacteria (49). So,
it could be concluded that decreasing the amount of Ag NPs
in TTO NE+Ag NPs causes a considerable reduction in
antibacterial effect against the Gram-negative bacteria (i.e.,
E. coli).
Evaluation of Synergistic Antibacterial Effects for TTO NE
and Ag NPs
Due to the antibacterial properties of Ag NPs and TTO
NE, we evaluated possible synergistic effects of the materials
against resistant Gram-positive and Gram-negative bacteria
with the microdilution method. In this way, the minimum
inhibitory concentrations (MICs) of TTO NE+Ag NPs on
Gram-positive and Gram-negative bacteria were determined.
Observed MIC values for Ag NPs were 25 μg/ml for both
resistant E. coli and S. aureus. Also, the TTO NE showed a
residual activity against E. coli and S. aureus with an MIC
value of 5 mg/ml (Table II). However, treatment of these
microorganisms with TTO NE+Ag NPs showed a consider-
able increase in antimicrobial activity. The obtained MICs
were 8 and 12.5 μg/ml for Ag NPs in combination with TTO
NE, against E. coli and S. aureus, respectively. Also, as shown
in Table II, MIC results for TTO NE in combination with Ag
NPs were obtained as 0.8 and 1.25 mg/ml against E. coli and
S. aureus, respectively. Table III shows the MIC ﬁndings for
TTO NE+Ag NPs against both types of Gram-positive and
Gram-negative bacteria. Our results demonstrated synergistic
effects against clindamycin-resistant E. coli and an additional
effect for S. aureus.
Previous researches also showed similar effect of syner-
gistic and addition for TTO bulk and Ag ion against Gram-
negative and Gram-positive bacteria, respectively (16). Also,
a synergistic effect for liposome-loaded silver ion and TTO
against E. coli was shown (17). The difference in effect of
TTO NE+Ag NPs against the resistant two strains could be
related to compositional difference in cell wall structure of
Gram-positive and Gram-negative bacteria (50). In this
regard, negatively charged TTO NE+Ag NPs could attack
the Gram-negative bacteria by mechanisms like metal deple-
tion as investigated previously (51). Also, cell wall of Gram-
Fig. 4. Concentration dependence of antibacterial effects of Ag NPs
in TTO NE against standard and resistant (R) strains of E. coli and
S. aureus in comparison with tetracycline and PBS
Table II. Microdilution Result (MIC) of Ag NPs and TTO NE in
Combination and Alone Against Resistant S. aureus and E. coli
Formulation R: E. coli R: S. aureus
Ag NPs Alone 25 μg/ml 25 μg/ml
In combination 8 μg/ml 12.5 μg/ml
TTO NE Alone 5 mg/ml 5 mg/ml
In combination 0.8 mg/ml 1.25 mg/ml
Table III. Antimicrobial Activities of TTO Nanoemulsion and Ag
NPs in Combination and Alone Against Resistant S. aureus and
E. coli
Microorganism FIC
(TTO NE)
FIC
(Ag NPs)
FIC
(NE+Ag NPs)
Inference
R: E.coli 0.16 0.32 0.48 Synergism
R: S. aureus 0.25 0.5 0.75 Addition
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positive bacteria is composed of peptidoglycan with linear
polysaccharide chains cross-linked by short peptides which
form a three-dimensional rigid structure (52). The rigidity and
extended cross-linking provide fewer anchoring site reactions
for nanosystems, which work as a barrier.
In the TTO NE, synergistic effects were observed against
clindamycin-resistant E. coli and additional effects were seen
for S. aureus in the presence of Ag NPs. Obtained results
showed that sufﬁcient antibacterial effects of Ag-loaded TTO
NE together with their compatibility with human cells can
present a suitable antibacterial agent against resistant threat.
CONCLUSION
There has been growing interest in the usage of broad-
spectrum, alternative antimicrobial agents, such as essential
oils and metal NPs, to address problems related to increased
antibiotic-resistant infections. This report shows that the
designed nanosystems of TTO NE+Ag NPs do not cause
signiﬁcant toxicity in human cells. Also, a synergistic antibac-
terial effect with the combination of Ag NPs and TTO was
observed which presents an effective antimicrobial agent for
treatment of resistant pathogens.
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